Introduction
The heart valve is one of the important parts in a functioning heart. It is like a door that opens to let the blood flow forward and closes to impede the blood from flowing back. Due to certain reasons, such as infection [216] , rheumatic fever [42] , calcification as a consequence of Abstract Even though the mechanical heart valve (MHV) has been used routinely in clinical practice for over 60 years, the occurrence of serious complications such as blood clotting remains to be elucidated. This paper reviews the progress that has been made over the years in terms of numerical simulation method and the contribution of abnormal flow toward blood clotting from MHVs in the aortic position. It is believed that this review would likely be of interest to some readers in various disciplines, such as engineers, scientists, mathematicians and surgeons, to understand the phenomenon of blood clotting in MHVs through computational fluid dynamics.
Keywords Computational fluid dynamics · Mechanical heart valve · Blood clot · Cartesian mesh aging [61] and even accidents, valves can be damaged (i.e., leakage, stenosis [84] ) and will need to be replaced with new valves. Heart valve replacement surgery is a common and safe procedure. Untreated diseased heart valves are replaced by mainly two (2) types of prosthetics. The bioprosthetic heart valve (BHV) is made of tissue material, while the mechanical heart valve (MHV) is made of pyrolytic carbon [45] . It is estimated that out of the more than 300,000 replacement heart valves that are implanted annually worldwide, 55-60% of them are MHVs. Both types of valves are similar in that patients face the same degree of risk when it comes to infection and clotting. The difference between them is that the bio-prosthetic valve tends to degenerate over the years and the patient may have to undergo another surgery to replace the replacement valve after an average period of about seven to 10 years [33] , whereas the mechanical valve can last throughout the lifetime of the patient. However, there are two major complications with the MHV, namely blood clotting (also known as thrombosis) and bleeding.
Imagine that a person has accidentally cut his finger. After some time, the blood will begin to clot to stop the finger from bleeding. That is the good function of blood clotting. However, if a blood clot develops in a patients heart valve due to some abnormal flow, there is a possibility that the clot may break off and go to the brain (causing a stroke) or to other organs in the body. In certain cases, the blood could clot at the valve itself and cause it to malfunction. To avoid this, blood thinners (usually warfarin) must be taken at the right dosage everyday with periodic blood tests and dietary restrictions [30] . This routine may change the lifestyle of the patient. A second complication is bleeding due to the use of blood thinners. A patient taking a blood thinner may encounter a problem when he is injured or requires surgery, whereby during the surgery, the use of the blood thinner has to be controlled to prevent excessive bleeding during the operation. This puts the patient at risk. It has been reported that the risk of both bleeding and blood clots is 1-2% each year. Therefore, for a patient who receives a MHV at the age of 40 years and lives to the age of 80 years, there is a 40-80% chance of both bleeding and blood clotting occurring [171] . Finally, the use of blood thinners will also cause birth mortality among young women who wish to have children [202] . Table 1 summaries the review of the relevant studies on prosthetic heart valves in the literature from 2009 until 2016. As can be seen, the heart valve was extensively covered by several computational studies. This paper addressed an additional scope with regard to numerical studies of the MHV from the aspect of its potential for blood clotting, particularly the different numerical techniques, leaflet dynamics, turbulent models and anatomical geometries that are used to critically assess the blood clotting phenomenon. Although there have been many review articles published elsewhere discussing numerical methods for heart valves, none of them emphasize the blood clotting phenomenon. Therefore, this study discussed the blood clotting potential in MHVs based on three perspectives, namely: (1) fluid dynamics; (2) numerical methods; and (3) effects of anatomical geometry, turbulence models and the orientation of the valve. It is believed that the review will be of interest to readers from various disciplines such as engineers, scientists, mathematicians and surgeons.
The remainder of this paper is organized as follows: Sect. 2 starts with a brief overview of the types of MHVs and their flow structures, and the fluid mechanics that contribute to blood clotting. Then, Sect. 3 elaborates on the numerical techniques for MHVs, including the NBF and BF methods, together with their advantages and disadvantages. Sect. 4 deals with the study of some parametric effects such as the patient model, valve movement, valve orientation and the blood clotting potential. Finally, the contributions and conclusions of this work, including some recommendations, are summarized in Sects. 5 and 6, respectively. Sotiropoulos and Borazjani [180] 2009 FSI algorithm in MHV Lakshmi et al. [116] 2009 Fluid mechanics of artificial MHV types and their engineering contribution Chandran [34] 2010 Computational simulation of native and prosthetic heart valves Mohammadi and Mequanint [137] 2011 Describes the use of modeling techniques in the design of polymer prosthetic MHVs Votta et al. [203] 2013 Computational method for patient-specific models of native and mechanical heart valves Marom [128] 2014 FSI methods for the aortic valve Borazjani [24] 2015 FSI simulations of both prosthetic MHVs and BHVs Mittal et al. [134] 2016 Computational modeling of whole cardiac hemodynamics Sotiropoulos et al. [179] 2016 Fluid mechanics of native and prosthetic valves Present author 2017 Numerical method for MHV simulation with an emphasis on blood clot formation 2 Fluid dynamics of mechanical heart valve (MHV) on blood clotting
Physics of flow
A lot of progress has been made over the last 60 years in the development of MHVs to improve their performance in terms of the reduction in blood clot complications. Various types of MHV designs are shown in Fig. 1 , while Table 2 shows the blood clotting potential based on the types of MHVs.
Although the BMHV design is claimed to give the best performance in the MHV family, it is still a cause of patient mortality due to blood clotting in the valvular region [142] . For example, Dumont et al. [57] investigated two BMHVs, namely the SJM and ATS Open Pivot Valve, where it was found that the SJM yielded more platelet activation during the regurgitation phase compared to the ATS (0.81% for SJM, 0.63% for ATS). The difference was due to their hinge mechanism. The Reynolds shear stress level recorded inside the hinge region of the tilting disk valve (>5000 dynes/cm 2 ) was higher than that observed in the bileaflet valve (<2000 dynes/cm 2 ) [119, 160, 172] . The most commonly used MHV is the bileaflet mechanical heart valve (BMHV). It was first introduced for clinical use in 1977. The BMHV has two butterfly-shaped rigid leaflets that can freely rotate to close and open during the forward and reverse flow. The flow is governed by the pulsatile inlet boundary condition. Figure 2 shows an example of a measured pulsatile flow profile and leaflet angle, which were used by many previous researchers in their experiments and numerical studies (see Refs. [46, 220] among others). The leaflets are attached to the valve housing via a hinge, which has a small gap of 150 μm. This small gap will incur leakage and is considered to be one of the biggest weaknesses in the current BMHV design. This leakage jet was found to be 3-5 times (4 m/s) higher than the peak velocity [192] (Fig. 3) .
A leakage jet at a high velocity will experience high shear forces, 3D separation and a shear layer [173] , thereby increasing the risk of blood clot formation [116, 201] . An example of blood clot formation in the vicinity of the leaflets is shown in Fig. 4 [119] . A computational study on MHVs focusing on these small gaps was previously reported in Refs. [173, 175, 224] , among others.
Another weakness of the current MHV design is the nonphysiological flow. It is a well-known fact that blood clotting can be studied based on a complex flows (such as areas of elevated flow stresses, turbulent flow patterns, converging streamlines, particle paths leading to recirculation zones, the dynamics of shed vortices, flow separation and turbulence) [21, 34, 216] . The observation was reported in Ref. [20] , where a complex flow was prominent (Fig. 3) , and the platelets would enter the stagnation and recirculation zones such [18, 119] Symmetrical and relatively non-turbulent [119, 206, 218] as the hinges and wake of the leaflet. As a consequence, the high shear stress experienced on the platelets and the long residence time resulted in platelet aggregation [103] . The aggregated platelets were then either convected downstream of the valve or remained attached to the vicinity of the leaflet, where the area of low wall shear stress (WSS) was detected. Details of the mentioned complex flow can be easily obtained through a computational fluid dynamics (CFD) analysis compared to in vivo and/or in vitro tests. The governing equations for the flow of blood through mechanical heart valves are the 3D unsteady incompressible continuity and Navier-Stokes equations, which are as follows:
where is the velocity vector, is the viscosity, p is pressure and is the blood density.
(1) 
Role of local flow in blood clotting
It has been proved that the hemodynamic factor plays an important role in the detection of blood clots. This is due to the fact that the different anatomical positions have different hemodynamic flow characteristics. Different anatomical positions influence the cardiac output, flow rate, local blood flow turbulence and apposition. As such, the right side of the heart is more prone to blood clotting than the left side, while a mitral location is more prone than an aortic location [159] . A low cardiac output will cause a reduction in the movement of the leaflet. This will promote the potential for the formation of blood clots by reducing the washout and dilution of the activated clotting factors [65, 132, 163] . A combined vortex shedding, generated by the recirculation at the sinus and from the leaflet, could yield both high shear stress and high residence time, which are responsible for blood clotting, compared to a single vortex (Yun et al. [220] ). A recirculation region can exist when there are sharp edges in the MHV design, such as in the expansion of the sinus region [220] . It is more dangerous for platelet activation than instantaneous damage levels caused by flows. Similarly, Wu et al. [210] and Yun et al. [224] found that sharp geometries lead to stagnation and recirculation regions in BMHV hinges, thereby leading to blood clot complications. Nevertheless, it is likely that the level of platelet damage for a native sinus region (containing no sharp edges) would be lower.
The high-resolution vortex pairing formation in the wake of the valve was reported earlier in Refs. [21, 95] . In order to capture the details of the shed vortex, a high numerical resolution is required. The vortex is usually encountered in the bluff body and sharp edge due to inertia [226] . An accurate and detailed analysis through a computational study can improve the design of the MHV, in which the vortex train can be identified, and the formation of shed vortices can be reduced, so as to prevent the aggregation of platelets and blood clotting [21] .
Cavitation can also be a major factor for the phenomenon of blood clotting [31, 91, 97, 104] . Cavitation is mainly due to a combination of water hammer and squeeze flow [79, 122] . The influence of these two factors can be minimized if the velocity of the valve closure is slower. The valve closure behavior in an aortic position is mainly influenced by the reversed flow and vortices in the aortic sinus [126] .
The stagnation region is also believed to increase the potential for blood clotting [44] . This is because the region is the source where low shear stresses with high residence time occur. Corbett et al. [44] and Hashimoto et al. [89] demonstrated that the pulsatile flow plays an important role in controlling the stagnation region and thus blood clot formation. Furthermore, Fallon et al. [61] observed that blood clotting is caused not only by the jet velocity and turbulent shear stress, but also by the stagnation region. Recently, many researchers also agreed that stagnation contributes to blood clotting in MHVs (see Refs. [4, 77, 133, 220] ). Summary of blood clot triggering factors is also tabulated in Table 3 .
Simon et al. [173] reported that the shear stress is high when it is about 200 Pa during the peak flow at the valve tip upstream and 600 Pa during the reverse flow at the hinge area. For a conservative estimation, the shear stress must be above 150 Pa [66] to cause blood damage and above 10 Pa to cause platelet activation. The turbulent shear stress (TSS), however, has a higher threshold, valued at 400 Pa, for blood damage (subsequently, blood clotting). Although the estimated TSS of 400 Pa for a residence time of 1 m/s is commonly used as a threshold [177] , a previous study [66] revealed that the viscous shear stress should be evaluated in the model instead of the TSS as contributing to the mechanical load on blood cells. Nevertheless, for a healthy valve, the TSS value varies between 50 and 60 Pa [123, 124, 177] , depending on the Reynolds number. The instantaneous plots of TSS magnitude at perpendicular cut planes in 2D for the blood clot estimation [67, 177] are defined as in Eq. 3. Turbulent viscosity varies, depending on the model. Bluestein et al. [21] estimated the free emboli in MHVs while using a Wilcox k− model. The transport equation of k and was solved to determine the turbulent viscosity as: t = k∕ . Mirkhani et al. [133] computed the turbulent viscosity as: t = C k 2 ∕ through the realizable k − model in order to investigate the hemodynamic performance of an MHV in an accelerating flow, where Cu is a variable that is dependent on the rate of deformation and the spin tensors. Alemu and Bluestein [3] determined the turbulent viscosity by the extraction of pertinent platelet trajectories based on the stress accumulation to compute the platelet activation on the MHV.
Method for estimating blood clotting
A blood clot happens when activated platelets aggregate with a damaged blood element. Since the level of platelet activation and blood cell damage are determined by both the magnitude and duration of the applied shear stress [78] , it is of utmost importance that these profiles be quantified.
One way to estimate the blood clot potential is to use a number of seeded particles as a blood component through the valve leaflet, and then measure the shear stress acting on the particles with respect to the activation threshold [20, 21] . Dumont et al. [57] and Xenos et al. [211] used as many as 15,000 particles with a threshold of 35 Pa, according to the Hellums criterion [92] . Briefly, Dumont et al. [57] used an accumulation expression of shear stress (̄) and exposure time (Δt) in Eq. (4) to estimate the shear stress responsible for platelet activation and for the occurrence of clotting reactions, ie., ∑ t=end t=0 (̄× Δt), where
A similar model was used by Sheriff et al. [167] and Soares et al. [178] , but they did not take it into account for any cardiovascular devices. Alemu and Bluestein [3] used a two-phase non-Newtonian fluid with 5000 particles as platelets for the stress estimation. However, the use of this type of particle tracer is too dependent on the number of particles, where there might not be enough particles to cover the whole domain. A MHV chamber with a volume of 10 3 mm can hold 10 12 platelets, and the tracking of only 15,000 particles might not produce accurate statistics. On the other hand, Tullio et al. [195] used massless particles to follow the flow in order to model the blood component flow trajectory without any stresses. The activated platelets can also be quantified using a power-law blood damage prediction model. The corresponding blood damage index (BDI) model is defined as [78] :
where is the shear stress, t is the exposure time, and C, and are the model constants, which are found by fitting in the experimental data. The most popular coefficients for BDI have been used ( = 0.77, = 3.075, and C = 3.31 × 10 6 ) for platelet activation model. Eq. (5) also indicate that a low shear stress experienced for a longer time may exhibit more blood clotting compared to a higher shear stress for a short time. A similar procedure was also used in Refs. [43, 78, 166, 176] .
Biasetti et al. [17] used the vortical structure of an eduction scheme, 2 [102] , with a non-Newtonian fluid to identify areas of blood clot potential in the aorta, but yet for the MHV. Similarly, Anupindi et al. [8] used to visualize the long vortical structures in the aorta, but the clinical significance of these structures has yet to be understood. Naimah et al. [143] used 2 to predict the blood clot potential location in the aorta, in which the vortical structure was superimposed with the region where low WSS (<0.5 Pa) occurred [19, 58] . In addition, Smadi et al. [177] used the 2 criterion to identify the vortices downstream of the valve. Although the correlation between this criterion was not discussed, the increase in the residential time of the red blood cells in the relatively high TSS region may have contributed to the potential for significant platelet activation and thrombus formation. Nevertheless, Table 4 shows the various model for predicting the blood clot formation used.
Using a backward facing step (BFS) as a test case, Tamagawa et al. [189] found that blood clot development was seen in the vicinity of the step and reattachment area. Tamagawa et al. [189] used the lattice Boltzmann method A larger pressure drop means that the heart with the MHV prosthesis has to work harder [93] , thereby reducing cardiac output (LBM) with modifications to the adhesion model. The model is said to be suitable for mimicking the flow in a blood pump or other medical device, such as MHV.
Numerical methods

Boundary-fitted method
The generation of grids in a CFD can broadly be classified into boundary-fitted (BF) and non-boundary-fitted (NBF) methods [62] . The BF method is commonly used and has a huge advantage in terms of accuracy and stability, as long as the geometry is simple and consists of a good quality mesh (in terms of orthogonality and skewness) [199] . For a complex geometry, as encountered in blood flow vessels, the grid generation may require advance numerical treatment, particularly for a moving boundary. The popular BF method for a moving boundary is an arbitrary Lagrangian-Eulerian (ALE) method. It was proposed by Donea et al. [55] and has been used in MHV studies, such as in [7, 64, 67, 94, 105, 144, 148] , among others. The nature of the grid that conforms and moves together with the interface ensures automatic satisfaction of the kinematic relation, thus providing a non-compromised accuracy. However, a moving mesh that is severely deformed and distorted makes it difficult to attain the accuracy of the numerical technique. For example, as observed in the previous study, for a simple 2D test case on uniform Cartesian grids, a second-order method should remain close to the second-order accuracy. However, when the grids are uniformly distorted (skewed), a second-order finite volume (FV) method can drop to less than the second order [39, 100] , and in randomized grids, a second-order FVM can behave very erratically (negative order of accuracy) [40] .
Furthermore, the implementation of the ALE method when the leaflets are in contact during closing is not straightforward. Although Forsythe and Mueller [64] claimed that the method is able to handle the contact problem, a small gap needs to be enforced between the contact surfaces. This would be unrealistic physics for a real valve that is closing. For this reason, the BF method is mostly limited to studies on the fixed leaflet [67, 94, 123] and 2D MHV [56] . The implementation of the ALE for MHV simulations was also previously performed with a highresolution turbulent model for direct numerical simulation (DNS) by Nobili et al. [148] . Good agreement was obtained with the experimental data [46] in terms of the leaflet dynamics. However, they were incapable of resolving the full Kolmogorov scale, due to the high computational cost, even with a fine mesh (2 million hybrid mesh). Similarly, Guivier-Curien et al. [82] used the ALE on a 3D laminar flow and compared the velocity profile and leaflet kinematics with the results of their own experiment, without any rich vortex structure being reported. Smadi et al. [177] ] limited the model to 2D geometry alone, but did a rigorous simulation on five different leaflet angles. Good agreement of velocity profiles was obtained with the experimental measurements [77] . Despite its mesh management difficulties, the BF method provided significant information through the full resolution of the MHV simulation in several studies. Table 8 in Appendix gives a summary of the successful use of the BF method.
Non-boundary-fitted methods
Compared to the BF method, the non-boundary-fitted method (NBF) has been gaining popularity over the last few decades since no local mesh generation is needed. Although many meshless methods, such as the vortex method [120] , smoothed particle hydrodynamics (SPH) [11] and lattice Boltzmann method (LBM) [189] , attempt to eliminate the meshing process, the particle generation strategy is similar to an unstructured mesh generation. Each of the particles needs to appoint respective properties, and the connection between the particle is a complicated process [214] . Moreover, it is very difficult to achieve good conservative properties with meshless methods. On the other hand, the NBF method relies mostly on simple Cartesian grids that can be generated Linear damage accumulation/BDI ∑ t=end t=0 (̄× Δt) >35 dynes/cm 2 (Hellum Criteria) [211, 220] Platelet activation state (PAS) Non-dimensional level of platelet activation within the interval of [0, 1], in which 0 and 1 correspond to non-activated and fully activated platelets, respectively [167] Power-law model C t [175] 2 criterion 2 = −20.0 s −2 is responsible for blood clot formation [17, 143] Adhesion model S ≤ S th , where S th is shear rate threshold, taken as 100 [189] trivially to cover the whole computational domain, including the embedded geometries. This has become a foremost advantage for complex geometries that are found, particularly, in medical geometrical models. Various types of NBF methods have been developed for MHV simulations, for example, the immersed boundary (IB) method [153] , fictitious domain (FD) method [72] , immersed membrane method (IMM), direct forcing IB method and curvilinear immersed boundary method (CURVIB). Readers may look into Refs. [83, 98, 135, 181, 188, 214] for a comprehensive review of the various types of NBF theories and methodologies for various applications. Nevertheless, not all of them are suitable for fully resolving the MHV flow. The classical IB, FD and IM methods are more suitable for bio-prosthetic and native heart valves. These are diffuse types, in which the resolution at the interface is smeared in a few grid cells. The earlier versions of these methods were only first-order accurate methods. Second-order accurate methods can be achieved through adaptive mesh refinement [74, 75, 213] . Xia et al. [212] used the IIM to simulate the flow of a 3D MHV. However, this is not directly applicable to cases where the object is a rigid solid [141] due to the problem of stiffness, which requires a small-time step limitation because of the semi-implicit scheme. To avoid such difficulties, an implicit version of the Griffith [73] method is currently being used to fully resolve the 3D flow simulation. The FD method, on the other hand, was previously used to simulate the FSI model of an aortic heart valve in 2D [48] , and later in 3D [86] , but only for the opening phase. Furthermore, the transitional turbulent FSI simulation with physiological condition (Re = 4500) in BHV [49] indicated that the solution was unstable. Therefore, the simulation was performed with a lower Reynolds number (Re = 900 and Re = 1500) and on the assumption of geometrical symmetry [47, 49, 50, 140] . Similarly, Shadden et al. [164] and Astorino et al. [10] used the FD method for the flow on the native aortic valve, but the physiological turbulent boundary condition was also not satisfied.
However, there is an NBF method with the most captured resolution (to date) in MHV simulation. It is referred to as the sharp interface direct forcing method. As the name suggests, the sharp interface method preserves the sharpness of the interface (not necessarily exact), which in turn gives more accurate predictions of field values (i.e., velocity, pressure, shear stress) on the interface. The direct forcing IB method was proposed by Mohd-Yusof [138] and was later extended by Fadlun et al. [59] to make it suitable for flows over rigid bodies. This NBF method is not the diffuse type like the FD and classical IB methods. The force at the interface is calculated based on the interpolated velocity from the background IB nodes. The so-called IB nodes and the interpolated velocity are defined as shown in Figs. 5 and 6.
De Tullio et al. [51, 52] and Yang and Balaras [215] most successfully to date used the direct forcing IB method for the MHV simulation (Fig. 7 ). An example of the implementation is shown in Fig. 8 . A complex flow structure at the vicinity of the leaflet dominated by intricate vortex-leaflet and vortex-vortex interactions was reported. There were problems with the accuracy of the predicted stress and moment since the leaflet surfaces were not aligned with the grid line and the quantities that had to be interpolated. However, the procedure was less expensive compared to the BF method. Furthermore, unlike the classical IB and FD methods, the predicted velocity and its gradient were largely independent of the mesh size, thus confirming the reliability of the method. Other related applications of the direct forcing IB method can also be found in several previous works (see Refs. [12, 13, 59, 59, 70, 71, 99] , among others). [59] The above NBF methods that have been discussed so far suffer from the fact that there are an excessive number of unused grids in solid domain. For this reason, Ge and Sotiropoulos [68] introduced an IB method based on the background curvilinear grid, namely a curvilinear immersed boundary (CURVIB) method. The CURVIB method is a second-order accurate method. As shown in Fig. 7 , the use of the CURVIB method compared to the conventional IB method can eliminate excessive numbers of inactive nodes in the solid region, particularly when the geometry is curved or has sharp edges.
The use of the CURVIB method for the MHV flow in a complex geometry is described in Ref. [27] for the anatomy of the aorta and in Refs. [25, 117] for the left ventricle. Briefly, Borazjani [23] combined the structured curvilinear BF grids with the sharp interface IB method [70] ; as such, the empty aorta was discretized with the BF curvilinear grid and the valve leaflets with the IB method. They were also able to simulate the contact phase of the leaflet, but the leaflets were unable to oppose a steep pressure gradient to enforce an almost hydrostatic flow. Furthermore, although they did not include any MHV application, the unstructured IB methods developed in Refs. [9, 125] belong to the same class of CURVIB methods. It is claimed that such methods are suitable for prosthetic heart valve simulations.
The lattice Boltzmann method (LBM) is another method that is used to simulate flows through MHVs. The LBM is based on statistical and probabilistic physics and requires collision subprocesses to simulate the physical interaction between the particles. The LBM was used to simulate the MHV in Refs. [111, 112, 152, 220, [222] [223] [224] ]. An earlier study was based on the laminar, transient, pulsatile flows through a fixed leaflet of the MHV (see Refs. [111, 112] ). The results obtained were very promising for capturing the details of the complex downstream flow of the BMHV. The presence of thousands of platelets (modeled particles) could indicate a level of activation and blood damage that may lead to blood clots [220] . The successful implementation of the LBM to simulate moving boundary problems based on leaflet movement during opening, closing and contact with the pulsatile inflow showed the capability of the LBM method to simulate fluid-structure interaction (FSI) problems [222] . Furthermore, Tamagawa et al. [189] used the LBM to estimate blood clots in artificial organs.
Another NBF technique for addressing the FSI problem arising from the interaction between the blood and valves is the extended finite element method (XFEM) [2, 85, 131, 182] . The proposed approach leads to optimal second-order convergence of the L 2 norm [85] . The method can enhance the finite element space with special basis functions that can resolve irregularities [85] . The XFEM method [131] follows a similar strategy, whereby the elements through which the boundary passes are enriched (i.e., these elements are subdivided and conform locally to the immersed boundary, where differently stated degrees of freedom are added) to facilitate integration of the weak form of the governing equations. Despite its superior characteristics, very few studies have been carried out with regard to the implementation of the XFEM method in MHV simulations. Table 5 shows a comparison of the different numerical methods used in MHV simulations.
Turbulence model
The typical range of the Reynolds number in a healthy aorta vessel is reported to be between 0 and 7000 [123] . The flow velocity changes with time and peaks at a value of around 1.35 m/s. Over a cardiac cycle, the flow experienced is from a laminar to a turbulent flow. The turbulence occurs for a very brief period within a cardiac cycle.
The success of various turbulent models encouraged most of the previous researchers to implement them in their heart valve simulations. Notable models are the k − [186], Spalart-Allmaras (SA) [114, 123] , Wilcox k − [21] , unsteady Reynolds average Navier-Stokes (URANS) [123] , large eddy simulation (LES) [215] and even direct numerical simulation (DNS) [46, 52] . Various recent turbulent model uses for MHV and the observation are provided in Table 6 . Nevertheless, the implementation of a higher spatial and temporal resolution such as the LES model requires a higher-order scheme (at least two) to gain the full picture of the small Kolmogorov scale. This has been hindered by an unstructured grid, which cannot be handled by the complex geometry of the MHV in an aortic position [8] . Some researchers, such as Xia et al. [212] , used a moderate Reynolds number of 1200 to avoid any turbulent model and limit the flow condition to an unsteady laminar flow.
An analysis of two different RANS model, namely the SA and k − , on the MHV flow showed a symmetrical vorticity contour and profile at an axial plane (Fig. 9) [146] . An additional plot of the velocity profile that included an LES model was carried out in a subsequent study, as shown in Fig. 10 [114] . As expected, compared to the LES model, the RANS model could only predict the time for an average quantity. Liang et al. [123] used the URANS and hybrid RANS/LES model for Re = 6000 on fixed MHV leaflets and found that Higher computational cost required to accurately resolve the wall shear stress on the diffused interface [203] No issues related to a highly deformed fluid grid [16, 87] Less accurate for potential blood clotting variables (such as WSS and pressure)
at the interface [32, 184, 196] Variables are obtained from the interpolation A very refined fluid mesh is required at the interface [16] Blur interface cannot accurately provide the wall shear stress [23] Only for elastic BHVs, difficult to apply to rigid body problems (MHV) [181] Sharp interface IB Preserved second-order accurate [127] Can typically achieve higher order of accuracy than the classical IB method [127] Less expensive than a standard bodyfitted/ALE approach Retains sharp interface, which in turn gives accurate prediction of forces [181] Non-physical force oscillations are generated for moving boundary problems [26] CURVIB Overset-CURVIB is second-order accurate [25] Lower computational cost compared to BF method for FSI problem
Avoids unused grid outside computational domain (as in classical IB) [156] Suitable for curve geometry
Hexahedral meshes with zero orthogonality are prohibited FD First-order accurate [87] Lower computational cost compared to BF method for FSI problem
No stability problems occurred for simulations with Reynolds numbers up to the physiologically relevant value of 3000, unlike by the IB method. [154, 183] Mostly applicable for BHVs only A non-physical velocity field arises in the vicinity of the interface [197] Inaccurate variable on the solid boundary (similar to IB method) [196] Fluid mesh requires an element size smaller than the valve thickness [183] LBM Second-order accurate The computational time is almost comparable to that of the NBF method Able to capture fine-scale features of the flow throughout the cardiac cycle with a spatial resolution close to the Kolmogorov scales owing to its high parallel performance [222] Limited computational resources prohibit simulations matching the required Kolmogorov spatial scale [221] XFEM Second-order accurate [85] Comparable to that of the standard finite element [131] Suitable for thin wall structure [2] Hexahedral mesh is prohibited both turbulent models could predict unsteady solutions with rich coherent vortex shedding (Fig. 11) . However, the URANS model was unable to capture the dynamics in the aortic sinus area, where the blood element could have had a high residence time and potential for blood clot formation. The influence of viscous stress and turbulent shear stress (TSS) on blood damage through DNS was previously reported in Refs. [52, 66] . It was found that the 2D turbulent shear stress calculation was inadequate, especially in the aortic sinus region, where the flow field was 3D. Furthermore, under physiological conditions and the realistic geometry of the aortic root, the viscous stress and TSS exert comparable influences on blood cell damage. In fact, viscous stress is dangerous, based on the RBC diameter and the Kolmogorov scale. A very small Kolmogorov length scale and temporal eddy scale are in the range of ≈ 50 μm and ≈ 700 μs, respectively, as reported in Ref.
[52, 66, Fig. 9 Comparison of vorticity contour at Re = 5000 using different RANS models a SpalartAllmaras and b k − [146] Fig. 10 Comparison of velocity profiles for k − , SA and LES turbulent model [114] 221], which are guideline values for the heart valve simulation. These eddies scales are responsible for the dissipation of energy to the blood cells that will increase the risk of blood damage and platelet activation [52].
FSI on blood clot estimation
It was found previously that jet impingement in blood vessels can cause elevated levels of shear stress on the walls of the vessels [15] which, in turn, will cause morphological changes in the wall tissue [149] , and is responsible for blood clot formation [42] . The quantification of the mechanical stress can be accurately predicted through the FSI approach, where the deformation of the blood vessel is taken into account. However, most of the studies of MHVs assume that the wall of the vessel is rigid (see, e.g., Refs. [60, 101, 133, 143] ). Nevertheless, Griffith [73] and Narracott et al. [144] treated the vessel wall as a thick, elastic structure, but did not measure the shear stress, and stated that it was only applicable for native valves, not MHVs. All the existing numerical studies of MHV simulations treated the vessel wall as rigid. This is because the FSI coupling was focused more on the leaflet movement alone. It is necessary to study the influence of deformable vessels and leaflet movements on the hemodynamic flow in MHVs in order to estimate blood clotting.
EFD for validation
To validate the numerical method as being appropriate for the modeling of MHV flows, comparisons needed to be made with the previous experimental data. Several validation studies on MHVs can be found in the literature.
Liang et al. [123] carried out both a particle image velocimetry (PIV) experimental technique and simulation for flows through an MHV implanted in a straight aorta with the leaflets fixed in the fully open position and under steady (non-pulsatile) inflow conditions. The same experimental setup was also used in Ref.
[46] as a comparison with the DNS vorticity fields, as shown in Fig. 12 . More recently, Guivier-Curien et al. [82] also produced good agreement of the leaflet behavior and flow vector fields obtained from PIV experiments on an MHV, with their [20, 21] k − Suitable for simulating globally low-Re internal flows (Re < 10, 000) Dasi et al. [46] DNS Ability to produce accurate instantaneous vorticity contours Liang et al. [123] URANS (SA) and DES Both URANS and detach eddy simulation (DES) models yielded unsteady solutions with rich coherent vortex shedding Kuan et al. [114] SA Ability to analyzed blood clot potential due to recirculation as a result of turbulent flow Li and Lu [121] k−e Suitable for a low Reynolds number and transitional flow, and the FSI, however, the variance the turbulent statistic is negligible Nguyen et al. [146] SA and k − e Similar vorticity contours were found between SA and k − e Jahandardoost et al. [101] SST model More accurate numerical method such as LES or DNS needed if the shear stress around the hinges and leaflet gaps are considered Tullio et al. [195] DNS Able to solve the complex fluid-structure interaction problem and obtain detailed information of the turbulent statistic that affect hemolysis own numerical simulation. In a different study, Redaelli et al. [155] also performed both an in vitro experiment and numerical simulation comparison [148] of MHVs to obtain the leaflet velocity and displacement. The numerical simulation of the valve models was also validated almost exclusively by comparison with other experimental data [37, 66, 68, 183] . For example, the experimental works by Liang et al. [123] and Bluestein et al. [21] were used by Shahriari et al. [166] to validate their numerical work on the SPH method. Although those works were used for validation with sinus geometries of different sizes, a good flow pattern was observed for the velocity profile at the tail and leading tip of the leaflet. Another study that referred to the work of [123] for the validation data is shown in Fig. 13 . The numerical simulation by Borazjani et al. [26] was also compared with the PIV experiments by Dasi et al. [46] . Subsequently, the leaflet kinematics and flow fields obtained showed very good agreement. Cheng et al. [37] observed qualitative similarities in the leaflet motion and pressure gradients of MHVs during the valve closure with experiments in Refs. [35, 36] . All these studies concluded that numerical tools can be used to investigate clinical issues involving MHVs.
Comparative MHV study
Effects on anatomical model
The significance of the difference in the flow field between the straight aorta with sinus and without sinus was recently reported in the literature. Some 3D models of the aortic sinus are inclusive, such as in Refs. [13, 46, 51] . The existence of the sinus influences the asynchronous movement of the valve [52, 130] , especially during the closing phase [6, 13] . With the sinus, the closing phase of the leaflets is generally slower due to recirculation in the sinus region (Fig. 14) . The leaflet movement then becomes faster with a larger pressure difference across the leaflet. This happens because a low pressure is generated at the aortic side (sinus area) of the leaflet that delays the closure of the aligned leaflet [51] . However, the impact of the leaflet prior to closure is higher without the sinus compared to with the sinus. This can increase the blood clotting potential. Other studies that highlighted the effects of the aortic sinus on the MHV flow include those in Refs. [54, 77] . Figure 15 shows the computational domain of the blood with the MHV placed in the anatomical aorta (Fig. 15a) , straight aorta (Fig. 15b ) and left ventricle (Fig. 15c) . The   Fig. 12 Comparison of measured instantaneous out-of-plane vorticity distribution with CFD simulation [46, 221] case of the straight aorta is the most investigated environment compared to the anatomical aorta [69] . Borazjani et al. [27] compared a straight tube with the anatomical aorta. They observed that, in general, a higher shear occurs in the patient-specific case and specifically, near the valve and in the aortic arch. Furthermore, small-scale [13] flow structures created in the LV will interact with the valve leaflets, sinuses and ascending aorta to produce an asymmetrical movement of the valve leaflets [117] . These phenomena are not found in the straight aorta. The same observation was made in the referred studies. Moreover, the strong leakage jets that commonly occur in the MHV and which are designed to penetrate deep into the LV domain can reveal the hemodynamics and coherent structure responsible for blood clot formation [28, 117, 221] .
Effects of leaflet dynamics
Some of the earlier studies on MHVs were carried out on a fixed leaflet, as reported in Refs. [20, 20, 67, 77, 106, 111] . These studies found that the flow in a fixed leaflet could serve as an important measure of the non-physiological flow, such as the trapping of potentially activated platelets in the shed vortices generated in the wake of the leaflets.
Grigioni et al. [77] compared the flow characteristics with and without the sinus on the assumption of a fixed leaflet. Xenos et al. [211] , on the other hand, compared two (2) different MHVs in a study of the turbulent flow on the fixed leaflet in the fully open and fully closed position. The study served its purpose well in capturing the dynamics that were essential for the platelet activation between the two valves. Very recently in 2016, Bark et al. [14] used a fixed leaflet to simulate the flow through an MHV to investigate the effect of the coating on the leaflet on blood clotting via an evaluation of the TSS. In this regard, the TSS calculation assumed that the cycle-to-cycle variation in the leaflet kinematics, which can otherwise influence the calculated turbulence parameters, was minimal. Moreover, as stated by Bang et al. [13] , it is possible that the lower shear stress and higher residence time during the fully open phase, such that a high blood clotting potential is incurred. Therefore, the accountability for blood damage and blood clot formation may significant in the fully open position.
Furthermore, as shown in Fig. 16 , the fixed leaflet always gives a higher prediction of the transvalvular pressure drop and shear stress compared to the moving leaflet under a pulsatile flow, despite the similarity of their profiles. This feature is an inherently good and safe estimation for the design of an MHV.
A study by Rosenfeld et al. [158] was also in line with the study by Choi et al. [42] , in particular, for the velocity and shear stress during peak flow for the moving and fixed leaflet cases. The velocity and fluid stress profiles were almost identical in both cases during the peak flow. Further, at the downstream location, the overall profiles showed the same tendency, although there was a slight discrepancy between the moving and fixed leaflets. Owing to this observation, a numerical study of the MHV leaflet in the fully open phase Fig. 15 Computational domain of blood through a anatomically realistic aorta [26] , b straight model [27] and c anatomically realistic aorta with LV [117] should suffice for the blood clot estimation [42] . The summary of the justifications for using the fixed leaflet is further shown in Table 7 .
Nevertheless, a more realistic approximation was by making the prescribed movement of the leaflet kinematics according to the experimental measurements [46] . The motion of the leaflets was prescribed through an angular displacement (Fig. 2) , with no necessity to solve the two-way solid-fluid equation. This treatment, which resulted in the movement of the leaflets, included the hinge friction and slight shift translation of the leaflets. This was important since in the initial development of the leaflet the shear layers were quite sensitive to the initial leaflet kinematics [46] . Previous studies that also implemented this technique in the 3D model for MHV are also widely available (see Refs. [7, 46, 146, 215, 220] , among others).
After all, the ultimate choice was to make the FSI movement of the leaflet to be in accordance with the fluid flow, whereby the motion of the leaflets was as follows [145, 180] 
In the above equation, = (t) is the leaflet angle defined as shown in Fig. 2 , which varies between min and max ; I red is the reduced moment of inertia of the leaflet; is the damping coefficient due to the hinge friction; and is the moment around the hinge axis. It should be mentioned that in most of the MHV studies (see Refs. [26, 27, 57, 148, 200] ), the hinge friction had been neglected due to its small value relative to the flow force and lack of experimental value. For the detailed explanation of the term in Eq. 6, one can refer to Ref. [180] .
It is also interesting to mention that even in studies involving valve pathologies, the valve was completely neglected, as in Refs. [145, 194] . However, the simulation was still carried out using the pulsatile condition at the inlet (valve location) to mimic the condition where the valve experienced the opening (systole) and closing (diastole) phases. Nevertheless, the analysis was only performed when the valve was fully open and the fluid jet experienced a higher velocity. Several studies (see Refs. [22, 60, 198, 204] ) noted that if one is interested in the flow patterns, such as helical flow, stagnation flow and vortex, that are responsible for blood clot formation, then the study must be inclusive of a leaflet.
Effects of valve orientation
The orientation of MHV leaflets implanted in an anatomical aorta has a significant effect on the asymmetrical valve closure and large leaflet rebound [28] , which in turn have the potential to elevate the activation of platelets and the formation of blood clots. This phenomenon is due to an imbalance in the pressure field caused by the curvature of the aorta, as is similarly found in the physics of flow in a pipe bend. Borazjani and Sotiropoulos [28] suggested that the ideal orientation of an MHV should be such that its plane of symmetry corresponds to the plane of curvature of the ascending aorta. The corresponding orientation will have a negligible effect on the magnitude or distribution of viscous shear stresses, but will affect the evolution of vorticity within the aorta. However, the aorta model by Borazjani and Sotiropoulos [28] did not include the coronary artery.
The influence of valve orientation on the coronary flow rate was reported in Refs. [1, 107, 109] , where the coronary The flow fields were almost similar to that of the case with the moving leaflets during peak flow. The platelet exposure time was longer and the shear stress was larger compared to in other phases [146] To provide an improved quantitative and qualitative understanding of the functionality and potential for blood clotting by MHVs Able to capture most experimental trends and magnitude with reasonable accuracy [158] To compare the flow fields between fixed and moving valves under a pulsatile and steady flow Fixed valve simulations were able provide useful information for the design of MHVs and there was no need to simulate the more complex problems of moving valves [165, 166] The first attempt to apply SPH to a pulsatile flow through an MHV under realistic flow conditions Good comparison with [18, 104] . Particles passing through the leading edge of the leaflets were exposed to the turbulent shear stresses that can trigger damage to the blood components [211] The flow field in a fully open position just before the leaflets snap into closure fully captures the essential dynamics of platelet activation. The contribution of the short rapid closing phase (10-20 ms) is expected to be secondary and computationally prohibitive for DNS simulations Ability to compare the blood clotting potential in different MHV designs flow rate was correlated with the recirculation in the sinus. In an experiment conducted by Akutsu et al. [1] , it was discovered that the coronary flow rate was higher when the valve plane was symmetrically aligned to one of the three sinuses. However, the model by Akutsu et al. [1] did not include the curvature of the aorta, unlike the model by Borazjani and Sotiropoulos [28] . The experimental work of Kleine et al. [109] also reported that the valve orientation had a less sensitive effect on different MHV models. However, Kleine et al. [109] did not discuss any flow pattern in the aorta. In summary, Fig. 17 shows the MHV orientations recommended from previous studies. It shows that the orientation studies can help surgeons to decide what is best for their patients. For example, the optimum orientation for coronary flow found by Akutsu et al. [1] was close to the one recommended by Kleine et al. [109] . A different orientation is needed for lower turbulence. As such, Kleine et al. [108] proposed that one of the lateral orifices of the valves should face the right posterior wall. Meanwhile, Borazjani and Sotiropoulos [28] found that the valve orientation had a negligible effect on viscous stresses past the valve, and therefore, they recommended that the valve be oriented in line with the direction of the curvature of the aorta for a more synchronized valve kinematics and potentially less regurgitated flow.
Issues and recommendations
Issues related to numerical challenges in MHV simulations
The review of the studies highlighted several issues:
-The ALE BF method can accurately provide details at the interface compared to most NBF-class methods, but the mesh management in the ALE method is cumbersome. The NBF method, on the other hand, has issues with blur and unaligned grids with the interface, thus making it difficult to simulate a high Reynolds number flow, resulting in an inaccurately resolved flow field at the interface (i.e., wall shear stress), which is an important factor in the hemodynamics of MHVs. However, since the blood clot estimates the flow field far from the interface as well, the NBF method might suffice. -A fully resolved turbulent model prediction in MHV simulation is essential to capture the flow details in order to evaluate the formation of blood clots. Low-resolution models, such as the SST, are unable to evaluate the shear stress at the hinge and leaflet. The URANS model is also unable to capture the rich vortex at the sinus region. On the other hand, the LES model requires a high grid resolution at the interface. This does not work for the NBF technique, but works well for the BF method. -The use of an anatomical aorta influences the asymmetry of the motion of the leaflet. Therefore, the assumption of a prescribed leaflet motion is inadequate for a fully resolved patient-specific simulation. Subsequently, the blood clot estimation during the opening and closing phase does not represent the real case and is inaccurate. -An assumption of a fixed leaflet is sufficient since most of the key factors involve vortex shedding, viscous stress and TSS, where most of the cases occur during the fully open phase. Moreover, the main portion of the cycle is in the fully open phase, which will give the longer residence time that is responsible for blood clotting. Furthermore, the contribution of a short, rapid closing prohibited the use of the LES and DNS models. Furthermore, the assumption of a fixed leaflet movement is relatively minor compared to 3D idealized [90] model assumptions of laminar and physiological flows. Therefore, it is more important to understand the physiological flow in a fixed leaflet. -The location and orientation of a prosthetic valve implantation play an important role in the resultant abnormal flow through the MHV, thereby giving rise to the potential for blood clots. 5. Although the effect of valve orientation on the coronary flow was previously reported for lowering turbulence, synchronized valve kinematics and potentially less regurgitated flow, its influence on blood clot estimation is not available. -Direct comparisons of blood clot formation through numerical simulation to clinical data are largely unreported in the literature. There also appears to be relatively few experimentally validated MHV simulation models that can perform multiple cardiac pulsatile cycles and also closure conditions, presumably due to the computational challenges caused by contact under realistic transvalvular pressure loads.
Recommendations/scope for further research
There is indeed an NBF method that does not require an interpolation procedure as other sharp interface IB methods [59] do, and this is known as the 1-Fluid [29, 110, 190] method. As such, the important hemodynamic parameters for an MHV, such as pressure and shear force at the interface, can be automatically calculated. However, the only relevant application of the 1-Fluid method for heart valve applications was recently reported in Ref. [225] , where a high-flow jet through the stenosis valve was observed.
Although it is just a simplified 2D model, the methodology is simple yet promising for further real 3D patient-specific applications.
A direct comparison of implanted MHVs on the blood clotting potential between the model aorta (straight tube with sinus) and anatomical aorta is necessary in the evaluation of blood clot formation. The comparison can provide an insightful overview of the blood clotting phenomenon. By doing that, the anatomical aorta is expected to have less blood clotting potential due to a reduction in sharp edges.
Another recommendation is that the combination of the LES model with a patient-specific aorta (with aortic sinus and coronary artery [147] ) based on the Lambda criterion would be the most suitable method for problems related to biological fluids, such as blood [17, 143] , compared to the Q criterion [26, 53] , seeded particle [57] and multiphase flow [3] to correlate the thrombus formation. With a fixed valve, it is enough to study the details of the flow as long as the physiological boundary condition (pulsatile inflow) is maintained.
Conclusion
The current review compiled those studies that had been carried out on the blood clotting potential through MHV simulations. The studies were divided into three categories, namely fluid dynamics, the numerical method and the related parametric studies. It was concluded that any areas with a vortex formation, recirculation region and stagnant flow could increase the shear stress and residence time of the blood, thereby contributing to blood clotting. To estimate this complex flow, many numerical methods and turbulent models have been developed, such as the ALE method, classical IB method, sharp interface IB method, CURVIB method, FD method and XFEM. To date, the most comprehensive work on MHVs has been through the sharp interface IB method and CURVIB method. The turbulent flows that are mostly used in MHV simulations include k − , k − , SA, LES and even DNS. SA and k − have been used for the estimation of blood clots. When conducting a parametric study on blood clot estimation, the leaflet dynamics and valve orientation can be ignored. The three dimensions that are of importance are the anatomy of the aorta, the pulsatility and the high-resolution turbulence.
Even though the study on the flow through the MHV was largely reported in the literature, the implementation to mimic the physiological flow behavior through the MHV located in the anatomical aorta was still far for the blood clot potential estimation. Nevertheless, it can be seen that significant work on the development of a numerical algorithm is ongoing to fully resolve the MHV simulation for a better quality of life for patients.
It should be mentioned that so many studies have been conducted on the simulation of MHVs that it would be impossible to cope with all of them. Nevertheless, Table 4 in Appendix provides a summary of the studies that have been conducted over the last 20 years. In-house Li and Lu [121] Trileaflet and bileaflet comparison 
